The single Gyroid, a triply-periodic ordered chiral network of cubic symmetry, appears as a nanostructure in the green-colored wing scales of various butterflies. In lossless and perfectly ordered single Gyroid materials, the structural chirality leads to circularly polarized reflections from crystals oriented in the [100] direction. Here we report a circular polarisation study of the macroscopic reflections of the wing scales of Callophrys rubi and Teinopalpus imperialis that reveals no circular dichroism, that is, we find no significant difference in the reflectance values for left-and right-circularly polarized light. The reasons for the absence of circularly polarized reflections is likely to be a compound effect of various factors, including crystallite orientation, presence of both leftand right-handed single Gyroid enantiomers, and structural disorder. Each of these factors weakens, but does not fully extinguish, the circular polarisation signal. We further find a substantial amount of blue-absorbing pigment in those wing scales of C. rubi that are structured according to the single Gyroid. Numerical simulations demonstrate that absorption, while evidently reducing overall reflectance, does generally not reduce the circular dichroism strength. The experimental findings of this paper, however, clearly demonstrate that circular dichroism is absent from the reflections of the butterfly wing scale. Henceforth, the chiro-optical response of the idealised structure does not fulfil a biological photonic function. Keywords: circular polarisation, Gyroid, chitin, chirality, biophotonic crystals, optical activity, birefringence, butterfly wing scale, pigmentation, absorption, structural color Phenomena related to circular polarisation (CP) have a history in biophotonic research going back to Michelson's observation ([1] , see also [2] [3] [4] ) that the reflectance for left-circularly polarized light (LCP) from the cuticles of the scarab beetle Chrysina resplendens differs from that for right-circularly polarized light (RCP). Recent studies thereof have identified a cholesteric liquid crystalline structure as the origin [3, [5] [6] [7] . Other examples for the relevance of CP for biophotonics include the bioluminescence of some firefly species [8] , the CP sensitivity of the visual organs of the mantis shrimp [9] [10] [11] and the CP reflections of the Pollia fruit [12] . Experimental observations of CP effects in butterflies, both with respect to reflectance and to the sensitivity of the visual organs, have not been reported.
However, the presence of the chiral ordered network-like nanostructure, known as the single gyroid [13] in the wing scales of several butterfly species including Callophrys rubi and Teinopalpus imperialis is well confirmed in the literature [14] [15] [16] [17] [18] [19] [20] 1 , with its contribution to structural color and iridescence widely recognised [20, [24] [25] [26] . As an idealised dielectric material and in nanofabricated realisations thereof, this chiral single Gyroid structure shows a clear CP signal in transmission [27] [28] [29] . The presence of this chiral nanostructure naturally leads to the question if the wing scales of green butterflies structured according to the Gyroid exhibit macroscopic and biologically relevant CP reflections. We here set out to explore this question.
The single Gyroid geometry and its structural chirality
In the context of its realisation as a photonic material, the single Gyroid [13, [30] [31] [32] is best described as a triplyperiodic porous material with cubic symmetry, consisting of two components each of which is a single component with a network-like shape (here, one air-filled and the other one composed of solid chitin), see Fig. 2 . Two commonly adopted perspectives describe the single Gyroid with reference to (a) the periodic net or graph, called srs [33] , tracing the centerlines of the solid or void component [31] , or (b) to the negatively curved interface, modelled as a minimal surface [32] or a constant mean curvature (CMC) surface [34] , that separates the solid and the void component.
The single Gyroid is a chiral structure, manifest in its cubic symmetry group I4 1 32 with two-, three-and four-fold screw axes. Chirality -defined as the geometric property that an object's mirror image cannot be transformed by translation and rotation to coincide with the object itself -is evidently a property of the whole object, here of the triply-periodic net, which is infinitely large, in principle. However, it is instructive to identify different aspects of the chirality with local elements, in particular with subsets of the Gyroid net in the vicinity of the screw-axes that resemble discrete left-(LH) or right-handed (RH) helices. Fig. 2 (C, D, F, G, I, J) shows the helix-like arrangements of the srs-graph revolving around the screw axes in the [100], [111] and [110] lattice directions. It turns out that, for the situation where the solid phase is given by a CMC representation of the Gyroid surface with approximately 20% chitin volume fraction, the screw axes are either fully in the void phase of the Gyroid porous material or go through the solid phase. We hence classify these screw axes, and their corresponding helical elements, as either centered in the solid phase, or solid for short, (Fig. 2 C, F, I ) or centered in the void phase (Fig. 2 D, G, J) . We reiterate that this 1 The presence of the chiral Gyroid nanostructure in the wing scales of Callophrys rubi [14, [16] [17] [18] and Teinopalpus imperialis [14, 15] (see Fig. 1 , and also earlier work in [21] ) and, albeit not the subject of this study, Callophrys gryneus [15] , Callophrys dumetorum [15] , Cyanophrys heredotus [15] , Parides childreanae [19] and Parides sesostris [14, 15, 20, 22] , suggests the possibility of circularly polarized reflections of the Gyroid-structured wing scales of these species. Note also that the structure in Cyanophrys remus (a butterfly which has by now been reclassified as part of the Callophrys family) identified as an inverse opal [23] may also be a single Gyroid structure. [111]
[110] Fig. 2 . Subtleties of the structural chirality of the single Gyroid morphology: A Perspective view of the srs net (orange) and of a CMC single Gyroid structure with volume fraction φ ≈ 20% (green). B-D projection along the crystallographic [100] direction and perspective views of the helical elements along this direction, i.e. of subsets of the srs net contained in cylinders around the screw axes. The RH helix (D) with an octagonal cross-section, with the screw axis centered in the void space, is composed of 8 edges (per cubic unit cell), with alternating horizontal ('h') and inclined, or skew ('i') edges ('h' denotes an edge that is horizontal (i.e. perpendicular to the axis), 'v' an edge that is parallel to the axis and 'i' an inclined edge that is neither 'v' nor 'h'). The LH helix (C) with square cross-section, whose screw axis is centered in the solid domain, is composed of four edges, all of type 'i'. E-G [111] direction, 3 1 screw axes: The RH screw axis (F) is centered in the solid and has triangular cross-section; all 3 edges are type 'i'. The LH element (G) corresponds to the screw axis centered in the void, has hexagonal cross-section and is composed of 9 edges, following a sequence h-h-i. H-J [110] direction, 2 1 screw axes: The RH element (I), corresponding to a screw axis that is centered in the solid, is a helical element with rhombic cross-section composed of 6 edges, with a sequence i-i-v. The LH element (J), corresponding to a screw axis centered in the void, has a six-sided cross-section (an distorted hexagon) and is composed of 8 edges with sequence h-i-v-i.
is merely a geometric classification, as the chirality is evidently a property of the overall geometric structure, rather than of its local elements. While the single Gyroid geometry is clearly chiral, its chirality is subtle and confounded by two issues:
Presence of LH and RH 'solid' chiral elements in different lattice directions The handedness of the screw axes that are centered in the solid is different for the different lattice directions. For the enantiomer where the solid screw axis along the [100] direction is left-handed (as in Fig. 2 C) Fig. 2 C,F,I ) compete with screw axes centered in the void (Fig. 2 D ,G,J) that correspond to helical elements with larger radius and of the opposite handedness. 2 For the photonic computations presented below we define the Gyroid as the volume enclosed by its nodal surface approximation that is given by (cf. [36] , with G = 2π/a denoting the reciprocal lattice parameter and a the lattice parameter of the single Gyroid in its space group I4 1 32) t > sin Gx · cos Gy + sin Gy · cos Gz + sin Gz · cos Gx (1) with the position vector r rotated to r = (x , y , z ) such that the respective inclination normal (either [100], [110] or [111] ) is parallel to e z . The separation threshold t determines the volume fraction φ of the channel. In the following we set the volume fraction to φ ≈ 20% (which is at the lower end of estimated volume fractions for the Gyroid phase within C. rubi's wing scales, see [16] ) corresponding to a separation threshold t ≈ −0.9 [36] . The frequency dependence of the photonic properties analysed below (Figs. 5 to 7) is given both as a function of the (vacuum) wave length λ 0 of the incoming light as well as the reduced frequency Ω = a λ 0 . The use of Ω is motivated by the scaling properties of the Maxwell equations 3 stating that the photonic response of a frequency independent material as a function of Ω is conserved under a change of the lattice parameter a → r × a (i.e. an affine rescaling of the structure size with a real number r): A nano-structure with lattice parameter r × a has the same response for incoming light of wavelength r×λ as a similar structure with lattice parameter a has to incoming light with wavelength λ. In Figs. 5 to 7, we have set to a = 311 nm in line with experimental data from [16] .
Chiral-optical properties and circular polarisation
The chiral-optical properties of the single Gyroid have been the subject of recent studies: band structure analysis and simulation have demonstrated that, as a dielectric lossless material, the single Gyroid exhibits a 'circular polarisation stop band' along the [100] direction [35] , see also Fig. 5 (left); this finding has been largely corroborated by optical measurements on nanofabricated specimens, both with dielectric material constants ε = 1.58 similar to the butterflies chitin material [27, 28] and with higher refractive index Chalcogenide glasses (ε = 5.7, [29] ). (The fact that a CP band gap, if existent, would likely occur in a higher frequency range above the visible was predicted [25] , however without corroborating evidence or citation). When realised as a gold meta-material (possible by duplicating from the alternating Gyroid phase in triblock copolymeric self-assembly [37] ), it shows optical chirality and circular polarisation effects [37, 38] , albeit of a smaller magnitude than its chiral structure may have suggested [39] . The optical properties of the achiral double Gyroid, composed of two intergrown network domains separated by a void matrix, has been studied widely, as a UV protection mechanism in retinal microlenses in tree shrews [40] , as dielectric materials [36, 41] and plasmonic materials [38] , and as a possible realisation of Weyl points [42] . Various optical properties of the single Gyroid that are not related to circular polarisation have been addressed, in centimeter scale specimens in the microwave regime [43] and by simulation [36, 41] . Circular birefringence or optical activity (OA) and circular dichroism (CD) are polarisation effects related to the chiral properties of a light-transmitting medium. In the literature, OA is the ability to rotate the semi-major axis of elliptically polarized light, and CD corresponds to the difference in the absorption coefficients between LCP and RCP light for a homogeneous or homogenized medium [44] . Thus, while OA describes a scattering phenomenon, CD is traditionally connected to a material constant. However, OA can also be directly correlated to a difference in refractive index for RCP and LCP modes 4 in a homogeneous medium. On the other hand, scattering at a structure with finite CD causes a change of the eccentricity of the polarization ellipse. Here, we therefore quantify CD by its impact on the scattering parameters as the relative difference between the absolute values of the complex reflection amplitudes r ± for a respective incoming LCP (+) or RCP (−) plane wave (as in [47] ):
In this paper we present experimental data demonstrating that there is no discernible CD signal in the reflections of macroscopic portions of the wing scales of the green-colored scales of Callophrys rubi and Teinopalpus imperialis, both having a single Gyroid photonic crystal (see section 3). This absence of a CD signal is somewhat at odds with the evidence that, as a material, the single Gyroid structure produces this signal. We have been unable to find a single reason that annihilates the CD signal, but will discuss the following factors, all of which might contribute to a reduction of CD strength:
Orientation effects (section 4) The structure in the wing scale is a poly-crystalline assembly, with individual grains adopting different orientations. The CP effect, which is only of substantial strength along the [100] direction, is weakened by the contribution of the unpolarized reflections of the other orientations.
Presence of an absorbing pigment (section 5) The presence of substantial quantities of an absorbing pigment reduces the overall strength of reflections. Numerically, However, we find no substantial reduction in the circular dichroism strength.
Lack of enantiopurity The single Gyroid can be realised in two enantiomeric forms (one called LH, the other called RH), being mirror images of each other. While preliminary studies suggest a 1:7 prevalence of one of the two enantiomeric forms [18] , the presence of both enantiomers weakens the CP signal.
Structural disorder
The single Gyroid provides a close approximation of the porous structure of chitin in the butterfly wing scales, yet structural disorder (both high-and low-frequency modulations) or defects are present.
Sensitivity to incident angle variations and breakdown of the plane wave approximation As a body-centered crystalline structure, the photonic properties along the CP-sensitive [100] direction are sensitive to small variations of the incident angle. Similarly, the CP signal may be weakened when the incident light is not well approximated by a plane wave.
Effect of the rib-structure (C. rubi) or honeycomb structure (T. imperialis) above the single Gyroid The distance between the thinner ribs is ≈ 600 nm in C. rubi, see Fig. 1B . This structure could provide a photonic effect that suppresses the circular-polarisation signal of the underlying Gyroid photonic crystal.
The absence of the overall CP signal is likely to be a compound effect of these factors, reducing the signal strength below the experimentally observable strength, and making it highly unlikely that it fulfils a biological purpose.
Measurement of circular-polarisation of reflectance of butterfly wing scales and beetle exoskeletons
We have performed spectrally resolved measurements of the reflectance for circularly polarized light for the wing scales of C. rubi and T. imperialis, at normal incidence, separately for RCP and LCP light. Only cover wing scales with green appearance (that, in contrast to the melanin-containing black-colored ground scales), contain the single Gyroid nanostructure) were considered.
Two beetles with known circularly polarized reflectance [2, 48, 49] were used to test the measurement system: first, a broad-band reflecting, silver-colored Plusiotis optima (Rutelinae) and the narrow-band, green colored Canthon fulgidus (Scarabaeinae). Whereas the colour of both beetles is largely different, both exocuticles of these beetles strongly preferentially reflect LCP light in a mirror-like fashion (see Fig. 3A ). The reflection of RCP light is minor, and no sign of constructive interference can be observed in this channel. The differential response to LCP and RCP light is due to a chiral, left-handed assembly of chitin layers in the exocuticle, which is either well-ordered and acts as a narrow-band interference reflector (Canthon fulgidus) or chirped and acts as a broad-band interference reflector (Plusiotis optima) [5, 50, 51] ). Figure 4 demonstrates that, in contrast to the reflections of the beetle exoskeletons, no significant difference between the LCP and RCP reflectance can be observed for green-colored wing scales of C. rubi and T. imperialis, despite the presence of the chiral Gyroid structure in their wing scales (cf. Fig. 1 ). The illuminated measurement area was approximately 6 μm × 6 μm. Given that the typical linear extent of a single crystallite is typically around 3 μm, the measurements integrate the reflection of only a few crystallite domains. The measurement area for the reflectance spectra was 6 μm × 6 μm. The light photographs above the spectra are light-microscopy reflectance images for LCP and RCP incident white light.
Orientation effects and polycrystallinity: Circular polarisation in single Gyroid along different crystallographic axes
It is well known that the Gyroid structure in the wing scales of C. rubi is polycrystalline with relatively small crystal domains (≈10 unit cells laterally) with different inclinations (i.e. crystal orientation with respect to the structure . Direction dependence of the circular dichroism of the single Gyroid structure: Circular dichroism along different crystallographic directions is quantified by the bulk band structure (left parts, colouring encodes dichroism index and line width coupling strength as defined in [35] ; Capital letters at the bottom denote boundaries of the Brillouin zone at high-symmetry points [52] ), and by FDTD simulations of the reflectance (right parts, averaged over finite sheets of Gyroid material of thickness 5.5 · · · 6.1 × a, and terminations z T = 1/30, 4/30, cf. sec. 7.5). The single Gyroid is modelled by the nodal approximation (eq. (1)) with t = −0.90, corresponding to a volume fraction of solid chitin of φ ≈ 20 %; the dielectric constant is ε = 2.4. Frequency regions that are labelled with symbols are discussed and referenced in the main text.
surface on top of the wing scale) [14, 18] . Statistics on the probability of different inclination planes has not been published in the case of C. rubi. A similar study, however, has revealed that the [110] inclination is predominant in the case of P. sesostris [20] .
The open question of crystal orientation is of great importance for this work as the structural color signal and also the circular dichroism of the Gyroid photonic crystal is highly anisotropic. We do not provide the missing statistics for C. rubi here; however, TEM micrographs from previous works (e.g. [16, 18] ) indicate that inclinations at distinct high symmetry directions are present. 5 Furthermore, we assume that the crystal domains are still large enough so that the reflectance can be modelled by the weighted sum over the reflections that the different domains produce. In Fig. 5 we therefore show the band structure and the circular dichroism and coupling index [35] along the [100], [110] and [111] directions and the reflection spectra for left and right circular polarized plane waves at normal incidence from a finite Gyroid slab of corresponding inclination. We find the following main features for the three crystal directions:
[100] direction -Band gap and circular dichroism stop band A similar plot to Fig. 5A for different volume fraction and dielectric contrast has been previously published in [35] ; for all three directions we have used the same coloring for the circular dichroism index and the same point size for the coupling index as in [35] . A band gap where both polarizations are reflected is present at 0.8 < Ω < 0.83 (marked by symbol in Fig. 5A ) in the near UV. Significant CD is found directly above that band gap around Ω = 0.85 (•), i.e. at wavelengths below 380 nm.
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[110] direction -primitive direction with no circular dichroism Fig. 5B corresponds to the direction of a primitive reciprocal lattice vector of the body-centered cubic Gyroid. Therefore, the behaviour resembles a simple multilayer structure, and exhibits a band-gap around Ω ≈ 0.65 ( , ≈ 490 nm, green-blue), similar to fig. 4a in ref. [53] of the same structure and inclination, but with different parameters. The circular dichroism is negligible which is demonstrated by the band structure as well as the reflectance spectrum. This is the predominant orientation found in the wing scales of P. sesostris in [20] and henceforth no circular polarization effect is expected for this specific butterfly. A similar study for T. imperialis would provide further clues for the absence of CD in this species (cf. Fig. 4 ).
The reflection caused by this band gap is likely to be the major contributor to the green-blueish coloration of the butterfly. The slight shift in the position of the reflectance maximum between experimental data in fig. 4 (540nm) and this theoretical modeling (490nm) may be a consequence of the use of a lower estimate for the lattice constant a and the volume fraction φ, as noted above. Variations of these parameters would likely cause a red-shift towards the green wavelengths (note also the data in Fig. 4a of ref. [53]).
[111] direction -no band gap, but stop band with minor circular dichroism It is not sufficient to consider the band structure within the first Brillouin zone from Γ to P ( K := ka/(2πc) = (1/2, 1/2, 1/2) T ) to identify partial band gaps for the [111] direction (Fig. 5C) . It turns out that we need to follow the [111] direction until the H point (cf.
[100] direction, Fig. 5A ) is reached at K = (111)
T . 7 This complication has not always been taken account for in previous works, see for example Fig. 5C where no band gap is visible in the extended zone scheme. We find relatively small CD compared to the one that seen in Fig. 5A at roughly the same frequency around Ω = 0.825 (⊗, ≈ 380 nm, near UV) where the reflection is largest for both polarizations. However, no photonic band gap is present in the frequency range of interest and henceforth no coloring (except for a small amount of light reflected in the UV) is caused by the [111] inclined crystal.
Many of the effects, especially in the [111] direction, are too complicated to be understood by a single mode coupling index and require a full scattering analysis involving multiple modes, including those which are evanescent (and hence not seen in the ordinary band structure). For example, the reflectance is relatively small even though no strong coupling bands are exist in the frequency region 0.71 < Ω < 0.76 and [111] direction (×). A currently unpublished new method to calculate the band structure, including evanescent modes with complex wave vector, of arbitrary triangulated geometries [54] reveals evanescent modes with a small imaginary part of the wave vector that are strongly coupling and can hence work as a transmission channel or as a communication channel between an incident plane wave and the non-evanescent Bloch modes. These modes are also present in the [110] direction in the band gap ( ) where the reflection is therefore less then 70% but not in the [100] direction at 0.8 < Ω < 0.825 ( ) where the reflectance as a result reaches almost 100% despite the small width of the band gap here.
Presence of absorbing pigment in green wing scales with Gyroid nanostructure
Previous measurements on butterfly wing scales structured according to the single Gyroid geometry [26] have shown that pigments may be present.
To measure whether this is also the case for the wing scales of the Green Hairstreak we measure the transmittance of single wing scales in air and in refractive index-matching oil, with refractive index n = 1.6 ( Fig. 6 ) with a microspectrophotometer. When no immersion fluid is applied, individual domains of Gyroids crystals can be identified (Fig. 6A) . After immersion in refractive index-matching fluid (Fig. 6B) , light scattering is suppressed. If no pigment is present in the solid nano-structure of the scale, the scale appears transparent in index-matching fluid, leading to no 7 Generally, for a direction with Miller indices [hkl] we need to follow the straight path until another Gamma point is reached to cover all modes that potentially couple to an incident plane wave propagating in [hkl] direction. In practice, half of this way is enough because of time-reversal symmetry for lossless structures so that the end point is at λ/2 × (hkl) T that is determined by the equation λ × (hkl) T = G for an unknown λ and the smallest possible reciprocal lattice vector G. For [hkl] = [111] in the body centered cubic case that yields λ = 2 so that the end point is K = (111) T which is equivalent to the H point at K = (100) T in the first Brillouin zone. colored reflections from the individual domains. In the case of Gyroid-containing C. rubi scales, however, a mosaic of brown-yellow colour remains co-localised with the Gyroid domains, strongly hinting at the presence of a blueabsorbing pigment in these domains. By contrast, for the black ground scales (shown in Fig. 6C ,D) the immersion in index-matching fluid leads to a much weaker spectral effect, reminiscent of melanin (see below), showing no sign of the presence of a blue-absorbing pigment. Pigments are often found in butterflies and are the source for most patterns in nature [55] [56] [57] [58] [59] . Most commonly, pigments are found in unstructured scales and are not co-localised with photonic structures. Pigments typically only act as contrast enhancers (by absorbing light, [12, 15, 26] ) or as an additional color signal for chromatic contrast [58, 60] . A combination of photonic structures and pigments within the same scales appears to be rare and has so far only been identified in the wing scales of P. sesostris [26] and butterflies of the nireus group [61] , as well as in bird feathers [62, 63] .
Further support for the presence of an absorbing pigment is provided by the measurement of transmittance spectra T (ω) of isolated scales that yield the absorbance spectra A(ω) = − log 10 (T (ω)), 8 see Fig. 6C . The spectra reveal a distinct short-wavelength-absorbing pigment with a peak absorbance of A ≈ 0.5 at 450 nm. The transmittance spectra of the black ground scales (situated below the Gyroid cover scales) is flat and monotonously increasing for longer wavelengths, very reminiscent of melanin (brown lines in Fig. 7C, cf. [64] ). The presence of an absorbing pigment in the green wing scales of C. rubi has so far not been noted in the literature. (These findings suggest to study the effect of finite absorption within the Gyroid domain on the strong circular dichroism that is found around Ω = 0.85 for the [100] inclination (Fig. 5) . The dispersion of chitin and the absorption of the blue-absorbing pigment is modeled by a material made of Lorentz oscillators for which the permittivity is given by
with the limit refractive index n ∞ = √ ε ∞ = √ 2.4, the resonance frequency Ω L = 0.695, the damping constant γ L = 0.26 and the resonance strength σ L = 0.1117 (with an absorption modifier η).
9 A numerical experiment with η = 1 where the Gyroid made of this artificial material is immersed in a dielectric with ε ∞ yields the absorbance curves shown in red in Fig. 6C for the different inclinations. Except for a resonance phenomenon (marked by 1in Fig. 6C ) in the [100] direction, they match the measured data well. ) The reflectance spectra of the Gyroid in air with different absorption modifiers η (ranging from vanishing absorption η = 0, cf. Fig. 5A to full absorption η = 1 corresponding to the experimental data fit in Fig. 6 ) is shown in Fig. 7A (LCP) and B (RCP). For most frequencies, the reflectance decreases with increasing η. Finite absorption also removes resonance effects (Fano and Fabry-Pérot) that are due to the finite size of the Gyroid slab even for relatively small η. Both phenomena are expected by theory. The different magnitude of the decrease of reflectivity for the two polarizations yields a change in circular dichroism strength CD = ( (2)) and is illustrated in Fig. 7C . We illustrate the CD as a function of η for the interesting CD maximum in the vicinity of Ω = 0.847 and a local CD minimum at Ω = 0.815 in Fig. 7D . As the absorption strength also induces frequency blue (or red) shifts in the CD spectrum, we depict the adjacent frequency range (shaded within subfig. C, as lines) alongside the values at the fixed frequencies (symbols). That way the shift of local extrema with varying η becomes visible, rather than relying on less robust extremum-search methods.
Importantly, the key result of Fig. 7 is that the presence of an absorbing pigment does not lead to a significant reduction of the CD strength near Ω = 0.847 in the CD band gap. It is indeed noteworthy that at lower frequencies around Ω = 0.815, the system exhibits a finite CD signal proportional to the absorbance.
Conclusion and Discussion
We have demonstrated, by reflectometry measurements on the Gyroid nanostructured wing scales of C. rubi and T. imperialis, that macroscopic reflectance of the wings of these butterflies is equal for both LCP and RCP light, despite the presence of the chiral Gyroid nanostructure in the wing scales.
Noteworthy, our reflectometry measurements are circular-polarisation sensitive within range that extends to wavelengths well below 400 nm, outside of the visible spectrum for human vision, where the circular-polarisation signal for the single Gyroid photonic crystal is expected [35] . In this context, note the previous analysis by Mille et al. [18] that analysed reflectance data for wavelengths above ≈ 420 nm and observed no CP effects; however, that study identifies individual crystallites in wing scales of C. rubi that appear to show CP effects in the green (see Fig. 10 in ref. [18] ). 10 The absence of a CP signal in the reflectance measurements appears to be paradox because the circular-polarisation effects of the single Gyroid structure are well documented, both by theory [35] and by experiments [27] [28] [29] . To resolve this paradox, we have considered several factors that may cause the CP signal to disappear or fade below the accuracy of our measurements. The likely most important effect relates to the poly-crystallinity of the wing scale structure, with crystallites having different orientations; only the crystallites with inclination corresponding to the crystallographic [100] direction perpendicular to the wing surface shows a significant CP signal. Because of the size of the crystallites, which is around 3 μm in diameter, i.e. large compared to the wavelength of light, we consider the [20] for the butterfly P. sesostris (and also observed in epitaxial growth of copolymer Gyroid phases [66] ) applies also to the species studied here, the contributions from the non-circular-polarising axes would be dominant compared to the contribution from the circularly-polarising [100] direction. An interesting experiment to further address this question of poly-crystallinity would be the analysis of microscopy images (such as those shown in Fig. 4 ) for monochromatic incident light with the frequency of the circular-polarisation response of the [100] direction.
The presence of absorbing pigments reduces the overall reflectance. However, this overall decrease in reflectance does not reduce the circular dichroism strength. Interestingly, measurements on C. rubi scales immersed in indexmatched fluid show that a greater amount of absorbing pigment is present in the green scales (that are structured according to the single Gyroid) than in the black scales (which do not have a Gyroid structure).
Another factor that might also play a role is due to the experimental setup itself. While we idealise the source to be a plane wave at normal incidence in the simulations, the sample is rather illuminated by a light cone with an opening angle of ≈ 15
• in the experiment. The angle of incidence is eminently of great importance as the CD is largest for the [100] direction which is particularly sensitive for small variations in the direction of the wave vector (cf. [47] page 14 and Fig. 7 ).
Our principal conclusion is the realisation that the Gyroid structure in green butterflies does not lead to macroscopic biologically-relevant circularly-polarised reflections, despite its structural chirality. This result falsifies the tempting hypothesis that the chiral single Gyroid structure is the result of the evolutionary development of a circularly-polarising communication channel, facilitated by circularly-polarising reflections of the wing scales. This leaves us to address the broader questions: Why does the single Gyroid structure form in butterfly wing scales in the first place? Does its chirality have a biological purpose at all?
In this context, it is important to realise that closely related achiral structures, comprised also of a single triplyperiodic solid domain with a network-like topology, are also observed in the animal kingdom, in particular the achiral single Diamond structure in the exoskeletons of various beetles and weevils [22, 67, 68] .
Several aspects of both the single Gyroid and single Diamond chitin structures indeed hint at the hypothesis that they result from evolutionary development towards efficient photonic biomaterials: The chitin volume fraction of single Gyroids in butterflies is close to the value giving the widest band gap [43] , the layer thickness within the wing scale is parsimonious in the sense that thicker layers would not lead to a stronger signal [69] and the reflectance spectra appear to match those of the natural habitat (cf. Fig. 5 in ref. [22] ).
However, another important consideration apart from photonic properties is the formation mechanisms of the single Gyroid and the single Diamond structures. The formation of these solid chitin structures is likely to be a twostage process where intracellular cubic membranes structured according to the double Gyroid or the double Diamond form in the developing scales of the pupae and then solidify by selective deposition of chitin into a single network structure ( [15, 70] , see also [16, 71] ). In such intracellular membranes, both the Gyroid and the Diamond geometry occur frequently in various kingdoms of life [72, 73] , likely for reasons of structural homogeneity [74, 75] and spatial connectivity that are well understood within the corresponding physical chemistry self-assembly process of synthetic lipids [75] . This formation process emphasises the possibility that factors other than photonic effects may play an important role in the selection (by evolution or physical chemistry) of the resulting structure.
The formation process by cubic membranes certainly hints at the close similarity of the achiral single Diamond structure and the chiral single Gyroid structure. In many self-assembly processes the two corresponding double Gyroid and double Diamond structures compete for stability, with small differences in free energies and various systems where both forms occur, both synthetic and biological [71, 73, 75] . Why the single Gyroid is observed in the butterfly wing scales whereas the single Diamond is observed in beetle cuticles is an open and intriguing question. The answer may be provided by the physical chemistry of biological membranes, or by evolutionary biology, or by a combination of both -with the analysis of this article demonstrating that chiral optics is unlikely to play a role for this question. Suivez ce papillon. Il ne sait pas où il va, c'est là que nous allons. 11 
Materials & Methods

Specimens
Specimen of Callophrys rubi, Teinopalpus imperialis, Canthon fulgidus and Plusiotis optima were bought commercially from The Insect Collector (www.theinsectcollector.com).
Scanning electron microscopy (SEM)
Wing scales were investigated by SEM using a LEO GEMINI 1530 VP FEG-SEM electron microscope. Prior imaging and to prevent charging effects, the samples were sputter-coated with gold-palladium using an Emitech sputter coater.
Circular polarisation resolved spectrometry and absorption spectra
Reflectance spectra were measured with a custom-built microspectrophotometer, which consisted of a xenon light source, a Leitz Ortholux microscope and a fibre optic spectrometer (Avantes USB-2, Avantes, Eerbeek, The Netherlands). The microscope objective was an Olympus 20x/0.45 objective. To optimise UV-transmittance, most optics in the system were exchanged with quartz lenses. The reflectance was measured relative to a white reflectance standard (Spectralon, Labsphere, North Sutton, NH, USA). The circular polarisation measurements were performed by inserting a custom-built circular polarisation filter, consisting of a Thorlabs AQWP05M-340 achromatic quarter-wave plate and a HMPB linear polariser (Polaroid). The illuminated area was in the order of several tens of micrometers, while the measured area was comparably small, approximately 6 μm × 6 μm for both beetle and the butterfly samples. The sample was illuminated from normal incidence with an opening polar angle of the light source of approximately 15
• . The absorbance spectra of the pigments in the wing scales were calculated from transmittance spectra obtained from single wing scales, immersed in a fluid with refractive index n = 1.6 (Cargille Labs, Cedar Grove, NJ, USA), and measured with a microspectrophotometer; an Olympus BX51 microscope with a 50x/0.8 Olympus objective, connected to an Ocean Optics QE6500 spectrometer (Ocean Optics Ltd, UK). The absorbance measurements were carried out in an area of size ≈ 20 μm × 20 μm.
Calculation of band diagrams by the frequency domain eigensolver method and their circular dichroism analysis
The band structure modes, i.e. the frequency eigenvalues Ω( k) and the corresponding magnetic eigenfields H k ( r), are calculated with the open source package MPB [76] , a frequency domain eigensolver developed at MIT. The CD index C and the coupling index β from which the point color and size is determined respectively are given by the definition taken from [35] 
FDTD method for simulations of Gyroid nanostructures with absorbing pigments
For time-domain simulations, the free finite-differences time-domain (FDTD) package MEEP [77] is used. Within the finite-differences approach, the governing differential equations (i. e. the real-space time-domain Maxwell equations) are discretised onto a regular lattice in time (equidistant time steps) and space (cubic voxels on the Yee grid [78] ). Propagation of electromagnetic fields is simulated by timestep-wise forward integration.
For the irradiation, the source emits a pulse Gaussian-enveloped in frequency (σ(Ω) = 0.026), of which several are assembled to broad-band reflectance spectra.
The object to be probed are defined by the spatial structure ε( r) of its dielectric response. The choice of material per simulation grid point is made by the nodal approximation inequality eq. (1) between ambient (ε = 1) and Gyroid material.
Gyroid material and absorbance modelling. The Gyroid material is defined as a dielectric with static permittivity chosen to ε ∞ = 2.4. Absorbance is modeled as the (complex) dielectric response by the frequency-dependent permittivity of Lorentzian oscillators, as already explained in section 5.
The parameters of equation (3) are chosen that way that the simulated transmittance fits best to experimental data. This is shown in fig. 6 as a comparison of experimental absorbance data from C. rubi wingscales with simulated data, where in both cases the hollow Gyroid channel is filled with material of same Re(ε) as the dielectric channel (index matching, cf. section 5).
Layer thickness and variation. A layer of thickness N z × a of the Gyroid structure defined by eq. (1) (including rotation) within the borders z T < z < N z × a + z T in normal (z) direction; therefore the additional parameter z T determines the termination phase, i. e. the particular plane perpendicular to the normal direction, which cuts through the Gyroid to become the surface. By varying over distinct z T , effects of individual terminations are averaged out.
As visible from SEM images ( fig. 1C) , the Gyroid layer in the C. rubi wingscales exhibits a thickness of about 2 μm ≈ 6a. Thus, the layer thickness N z of the FDTD simulation is chosen close to 6, in units of the structural length a. For [110] and [111] inclinations, this equals approx. 4.2 and 7.0 repetition units in normal direction, respectively.
In order to average over effects arising from distinct layer thickness, N z is varied in steps of 0.2a from 5.5 to 6.1 times a. Lateral dimensions are chosen to fit proper continuation by periodic boundaries, while in normal direction, the light source and flux measurement is positioned in vacuum well apart the surfaces.
